patients with comorbidities (31%; odds ratio, OR, 12.6; 95% confidence interval, CI, 2.4-65.7; p ≤ 0.003), GTX was started in the critical care unit (OR 8.8; 95% CI 2.5-30.9; p < 0.001), and a high total bilirubin level at the end of GTX (OR 2.1; 95% CI 1.1-4.2; p = 0.03) had a higher probability of death 12 weeks after GTX therapy commenced. Conclusions: The possibility that a niche population may benefit from GTX requires further assessment.
Introduction
Infections continue to be a serious impediment to favorable outcomes for cancer patients undergoing cytotoxic antineoplastic therapy [1, 2] . Despite the availability of modern antimicrobial drugs, opportunistic bacterial, viral, and fungal infections are prominent causes of death during and after treatment with new-generation oncology drugs [3, 4] . Over the past 20 years, the rise in drug-resistant bacteria, the continued presence of difficult-to-treat invasive fungal disease, and the occurrence of life-threatening end-organ damage due to less drugresponsive viral infections have posed daunting challenges for survival in severely immunosuppressed patients with myeloid or lymphoid neoplasms [5] [6] [7] . Although the incidence of life-threatening infections declined in this population following the introduction of prophylaxis with recombinant myeloid growth factors [8, 9] , many neutropenic patients with advanced or relapsed hematologic malignancies do not respond to these agents [10] [11] [12] . Granulocyte transfusions (GTX) can restore granulocyte counts and thus theoretically decrease the risk of infection in such patients. However, whether GTX can improve outcome in neutropenic patients with established infections as observed by some [13] still remains uncertain.
The first documented attempt to reverse neutropenia by using donor granulocytes was reported in the early 1930s [14] . Since then, phase II [15] and phase III [16] [17] [18] [19] [20] clinical trials of GTX in neutropenic patients with infection have provided inconclusive results. Problems obtaining adequate concentrations of granulocytes and concerns about undesirable reactions to granulocytes have largely been addressed by technological advances [21, 22] , but recent large randomized trials of prophylaxis with high concentrations of irradiated granulocytes from healthy donors did not show definitive benefit from GTX in preventing serious infections in patients undergoing hematopoietic stem cell transplantation [23, 24] .
To add to the peer-reviewed observational studies using GTX to treat severe infections during neutropenia, we studied the impact of GTX therapy on infections in neutropenic patients with hematologic malignancies at a National Institutes of Health-designated comprehensive cancer center. We sought to identify patient responses, toxicity and disease factors that could be used to predict the outcome of GTX therapy.
Patients and Methods

Study Design
We retrospectively reviewed the records of neutropenic cancer patients with infections who received GTX between 2004 and 2007 at The University of Texas MD Anderson Cancer Center. Patients were identified using blood bank and apheresis laboratory data. Patient and laboratory data were retrieved from patient charts and computerized hospital databases. Institutional review board approval was obtained for the study, and the requirement for informed consent was waived.
Treatment response was determined by a treating primary hematologist or bone marrow transplant faculty; consulting an infectious disease and pulmonary faculty (when present), and reports from an institutional radiology department and microbiology laboratory. In addition, all treatment responses including death associated with progressive invasive fungal disease were independently reassessed by the study team and the principal investigator.
Granulocyte Collection and Administration GTX donors were recruited from relatives, friends of patients and community volunteers for infectious diseases according to regulatory requirements for allogeneic donors as outlined by the US Food and Drug Administration. They were given a single dose of dexamethasone (8 mg p.o.) and granulocyte colony-stimulating factor (G-CSF; 5 μg/kg body weight s.c.) 24 h before neutrophils were collected. The centrifuge leukapheresis yield median given to each recipient was 5.6 × 10 10 (range, 4.0-10 × 10 10 ) granulocytes per transfusion dose. Granulocytes were crossmatched with a sample of the patient's plasma for ABO compatibility. Patients were not screened for leukocyte antibodies, and leukocyte compatibility testing was not routinely performed at our center. The transfusions were irradiated with 25 cGy prior to release for transfusion, following the standard transfusion procedures.
Transfusions were given daily or on alternating days depending on the availability of donors. The methods are described elsewhere in detail [13] . Indications to start GTX therapy as indicated by treating physicians' note included neutropenic infection, antimicrobial failure after >72 h of therapy, and persistent febrile ( ≥ 38.1 ° C) neutropenia. Reasons for GTX discontinuation included recovery of neutrophil counts, clinical improvement, death, donor unavailability, severe adverse events, e.g. respiratory complications including dyspnea, bronchospasm and/or wheezing, persistent cough, need for supplemental oxygen therapy, or worsening infection. All patients were hospitalized for their infections at the time of GTX.
Definitions
Neutropenia was defined as an absolute neutrophil count of <500 cells/μl. Bacterial, fungal, or viral infections were considered to have contributed to death when an organism was isolated from postmortem heart, blood, or sterile tissues in the presence of histologic evidence of invasive disease.
Infections were considered severe in any of the following circumstances: (a) bacterial or fungal bloodstream infection with signs and symptoms of sepsis or impending sepsis, (b) septic shock, (c) disseminated bacterial and/or fungal disease involving two noncontiguous organs, (d) infection involving the central nervous system, (e) pneumonia with respiratory compromise, or (f) end-stage organ disease due to opportunistic viruses such as cytomegalovirus (CMV), human herpesvirus 6, or varicella zoster virus [7, 12, 13] . Patients were considered not to have severe infections in the absence of all of the aforementioned conditions; if an infection was not clinically and/or microbiologically documented or if there may have been a noninfectious etiology of fever, pulmonary infiltrates, or mass-like lesions in a high-risk setting, such as neutropenic patients with refractory leukemia undergoing salvage chemotherapy.
Responses to and failure of therapy and noninfectious deaths have been defined elsewhere [7, 12, 13] . Death was also attributed to infection when there was no clinical response to appropriate antimicrobial therapy and no other known terminal event such as myocardial infarction, intracranial hemorrhage, or pulmonary embolism had occurred.
Statistical Methods
Descriptive statistics including medians and ranges were calculated for patient, disease, and treatment characteristics and outcomes. Patients were stratified for the following comparisons: severe infection versus not, and alive versus dead by 4 and 12 weeks. Categorical variables were compared by χ 2 or Fisher's exact tests, and continuous variables were compared by Wilcoxon rank-sum tests. Multiple logistic regression analysis was applied to identify the prognostic factors for the outcomes in patients with severe infection and death from the start of GTX therapy. All tests were two sided with a significance level of 0.05. Statistical analyses were performed using SAS version 9.1 software (SAS Institute Inc., Cary, N.C., USA).
Results
We identified 74 neutropenic patients with infection who received GTX. The median duration of neutropenia before GTX was 30 (range, 2-99) days. The patients received a median of 4 (range, 1-50) GTX. Table 1 summarizes patient, disease, and treatment characteristics. Fifty-eight percent received corticosteroids (median cumulative prednisone dose 500 mg) within 30 days prior to GTX, and in 32% steroids were continued during GTX. Eighty-nine percent had received recombinant cytokines 30 days prior to GTX and in 68% they were maintained during GTX. The median APACHE (Acute Physiology and Chronic Health Evaluation) II score was high (16; range, 7-37). Forty-nine percent of the patients were in a critical care unit when GTX commenced; the median stay was 10 (range, 1-30) days before GTX. Forty-one percent were receiving assisted mechanical ventilation when GTX commenced.
Among patients with documented infections, some patients had more than one pathogen: 42 (57%) had bacteremia (13 enterococci, 11 coagulase-negative staphylococci, 8 Pseudomonas aeruginosa , 7 methicillin-resistant Staphylococcus aureus, and 5 Stenotrophomonas maltophilia ). Thirty-three (45%) had invasive fungal disease due to Aspergillus spp. (n = 10), candidemia (n = 8), fusariosis (n = 5), or zygomycosis (n = 5). Among the 10 patients (14%) with viral disease, 5 had disseminated or locally advanced drug-refractory herpes simplex virus infection, 4 had severe parainfluenza virus infection, and 3 had CMV disease. GTX were given in 36 patients (49%) with nonsevere infections, including 8 (11%) with persistent febrile neutropenia with sterile cultures.
In 34 patients (46%), GTX were discontinued due to clinical response and neutrophil count recovery. GTXrelated toxicity was observed in 8 patients (11%): respiratory complications in 6 (8%) and fever in 2 (3%). In 5 (7%) of the 8 patients, GTX were discontinued owing to serious toxicity. Twenty-two patients (30%) died of advanced refractory leukemia, whereas infection alone was considered the cause of death in 17 patients (23%).
Univariate Analysis
When patients with and without severe infections were compared, fewer patients with severe infections had received corticosteroids during GTX (19 vs. 39%; p ≤ 0.07). Similarly, a lower proportion with severe infection died within 4 weeks (26 vs. 57%; p ≤ 0.01) after GTX initiation. Furthermore, clinical improvement resulted in discontinuation of GTX therapy significantly more often in patients with than without severe infections (27 vs. 12%; p ≤ 0.002), whereas deaths resulted in discontinuation of GTX therapy more often in patients without than with severe infections (39 vs. 8%; p = 0.002). Recovery of peripheral neutrophil counts leading to GTX discontinuation did not differ significantly between the two groups (23 vs. 35%; p > 0.5). Table 1 shows a comparison of patients by whether they had or had not died by 4 and 12 weeks after GTX commencement. The patients who died by 4 weeks were significantly more likely to have comorbidities (p ≤ 0.001), to have received corticosteroids during GTX (p < 0.001), and to have high APACHE II scores (p ≤ 0.002). The patients who died by 12 weeks were significantly more likely to have acute leukemia (p ≤ 0.03), not to have received G-CSF (p ≤ 0.02), not to have received interferon (IFN)-γ (p ≤ 0.04), not to have recovery of neutrophil counts (p < 0.0001), and to have GTX started in the critical care unit (p < 0.001). Patients who died by 12 weeks had significantly higher median serum creatinine levels (p ≤ 0.04) at the end of GTX, and those who died by 4 or 12 weeks had higher median total bilirubin levels before and at the end of GTX (p ≤ 0.002; table 2 ).
Multivariate Analysis
In the multivariate analysis, comorbidities (odds ratio, OR, 13.5; 95% confidence interval, CI, 2.1-89.0; p = 0.007), corticosteroid therapy during GTX (OR 13.2; 95% CI 1.6-106.6; p = 0.016), and starting GTX in the critical care unit (OR 13.6; 95% CI 2.6-70.4; p = 0.002) predicted death by 4 weeks after GTX commencement. Elevated total bilirubin levels at the end of GTX (OR Numbers of patients or medians (ranges) are shown. Malignancy status was available in 69 patients and lymphopenia status was known in 73 patients at the time GTX commenced. Transfusion-related acute lung injury (TRALI) in patients undergoing mechanical ventilation was assessed by the following parameters: (1) rapid, unexplained desaturation, or (2) acute respiratory decompensation duration or immediately after GTX therapy, and/or (3) evidence of GTX-related difficulty in maintaining optimum gas exchange. CAD = Coronary artery disease; CHF = congestive heart failure; GVHD = graft-versus-host disease. 1 Whether or not corticosteroids were given during GTX therapy was known for 73 patients overall and 39 patients alive at 4 weeks. 2 Results of CMV antigenemia assays or polymerase chain reaction within 30 days of GTX therapy were available in 71 patients. 3 Infection was considered progressive if appropriate antimicrobial therapy for >72 h failed. 
Discussion
In this relatively large cohort of severely immunosuppressed cancer patients who received GTX from healthy donors, GTX were well tolerated. Patients with documented severe infections had significantly better survival rates when they received GTX than those who did not have severe infection. This may suggest that either the benefits of GTX are greater in the presence of documented severe bacterial or fungal infection or that the adverse effects of GTX have a greater impact in a group with lesswell-defined infection. These survival benefits were only seen when GTX were given prior to disease progression resulting in multisystem failure requiring mechanical ventilation and a critical care unit stay. Adjuvant recombinant cytokines such as G-CSF and IFN-γ were commonly used during GTX in patients who had clinical responses. Patients with renal failure or other comorbid conditions, those treated with corticosteroids during GTX, and those in whom hyperbilirubinemia occurred before and after GTX had a significantly increased risk for death. The incidence of GTX-related adverse events was low (11%), and only 7% of patients had severe GTX-associated toxicity that led to discontinuation of GTX.
Clinical use of GTX in patients with persistent neutropenia declined during the late 1980s and 1990s owing to improvements in antimicrobial drugs and other supportive care measures in conjunction with marginal and often unpredictable responses associated with transfusion of granulocyte concentrates [20] . The reasons for inconsistent clinical responses could include differences in any of the following: (a) patient selection, e.g. with or without comorbidities, liver dysfunction, or multisystem failure; (b) status of the underlying cancer, e.g. treatment-refractory disease, myeloid growth factor-refractory neutropenia; (c) indications for GTX therapy, e.g. established bacterial or fungal infection versus febrile neutropenia, persistent nonneutropenic fever, or fever of uncertain etiology; (d) GTX type, i.e. related versus HLA-matched unrelated donors; (e) protocols for donor priming, i.e, prednisone versus G-CSF plus steroids versus granulocyte macrophage (GM)-CSF alone or with steroids; (f) alloimmunization, i.e. existing anti-granulocyte antibodies or de novo development of antibodies against granulocytes during transfusions; (g) timing of transfusions, i.e. early intervention versus salvage therapy given late in the course of infection; (h) GTX-associated toxicity resulting in truncated, suboptimal immune supplementation, e.g. HLA class II antibody-mediated transfusion-related acute lung injury [25] or persistent high fever; (i) transfusion-related infections, e.g. CMV [26] or human herpesvirus 6 infections [27] ; (j) availability of donors; (k) nonreimbursable costs, and, importantly, (l) treating physicians' preferences. Similarly, in our report, a number of factors stated above had played a role in the use of GTX and termination of granulocyte replacement therapy.
During the 1950s and 1960s, granulocytes for transfusions were often obtained from patients with chronic granulocytic leukemia, raising several concerns: (a) engraftment of leukemia stem cells; (b) higher toxicity compared with GTX from healthy donors (33 vs. 12%, respectively; p ≤ 0.05) [28] , and (c) graft-versus-host disease in recipients of unirradiated leukemia cell transfusions [28] . In the past 3 decades, granulocytes for transfusion in humans have been restricted to those from healthy donors with no evidence of various communicable diseases (as mandated by the US Food and Drug Administration). We did not observe unexpected GTX toxicity in 74 patients, including patients in whom up to 50 transfusions were given.
The likelihood of patients becoming afebrile during GTX has previously been noted to be significantly higher in those with established or clinically probable bacterial or fungal infections than in neutropenic patients with fever of uncertain etiology [28] ; our findings were in keeping with this observation as clinical response, including resolution of fever, was prominent in patients with documented severe infection. Whereas in those with febrile neutropenia without evidence of bacterial or fungal disease, no such benefit was observed. This was similar to observations in oncology patients with treatment-refractory severe bacterial sepsis: GTX were feasible, were safe, and reduced the death rate [29] . In a study of 59 pediatric patients who received 778 GTX for bacterial and/or invasive fungal diseases during neutropenia owing to conventional chemotherapy, hematopoietic stem cell transplantation conditioning, or the underlying cancer, their high response rate with early institution of GTX in neutropenic children and young adults with known infections was in agreement with our observations in adults [30] . Adverse reactions were rare; the most common was fever (14%), while mild pulmonary toxicity was seen in only 1 patient [30] .
Delayed institution of GTX therapy for advanced infection, as was demonstrated in our study, has been reported by others, but GTX given early in the course of severe bacterial sepsis in 27 neutropenic children with cancer resulted in a response rate of >90% and a favorable toxicity profile [31] .
In our study, patients with severe infections had significantly better outcomes compared with those who received GTX for nonspecific febrile neutropenia or other conditions that may have been misinterpreted as infection ( table 1 ) . Giving GTX early in the course of infection and giving GTX during cancer remission or myeloid recovery have in fact been favorable predictors of response in a number of reports [28] [29] [30] [31] [32] [33] [34] . In the current report, starting GTX in the critical care unit, an indicator itself of advanced infection and possibly delayed GTX therapy, especially among patients requiring assisted ventilatory support, increased the probability of death by nearly 9-fold, whereas lack of marrow recovery and refractory underlying cancer did not predict death, likely because most patients received GTX during refractory neutropenia and only 10% had cancer that was in remission or stable. However, due to the retrospective nature of this nonrandomized study, factors other than GTX may have played a role in improving outcome among patients with documented severe infections.
Due to the constant shortage of related donors, in a study reported in 2002, the toxicity and efficacy of GTX from related and unrelated (community) donors were comparable, which is important for expanding the pool of potential donors [35] . In our study, there were no differences in toxicity or outcomes among patients given GTX from related or unrelated donors (data not shown).
Technological advances have increased the number of granulocytes that can be harvested from each donor. Modern centrifuge technology yields superior granulocyte concentrates, even from nonimmune-primed donors, compared with historical filtration methods [36, 37] . In addition, donor immune priming further increases granulocyte yields. Immune priming increases the number of young and premature granulocytes in the donors' peripheral circulation, in turn resulting in elevated absolute neutrophil counts in the recipients' peripheral blood. Priming of donors with G-CSF, the most frequently used agent, is generally well tolerated; the most common side effects are bone pain, malaise, and paresthesia. In a study that had a median follow-up of 4.5 (range, 0.8-7.7) years, donors had no delayed or unexpected toxicity due to G-CSF priming [38] . In a study of 9 healthy adult donors who received G-CSF (16 μg/kg/day) for priming, neutrophil and monocyte counts increased 10-and 2-fold, respectively, as expected [39] . However, a doubling of natural killer cells and activated T lymphocytes 4 days following G-CSF was not anticipated; furthermore, unexplained modifications of helper and suppressor lymphocyte subsets in the peripheral blood were noted, suggesting that careful review of immune priming methods is needed [39] .
Priming with G-CSF plus dexamethasone, besides increasing the neutrophil yield, upregulates the expression of genes for multiple Toll-like receptors (TLR-2, TLR-4, TLR-5, and TLR-8) [40] . The resulting TLR-2-and TLR-8-mediated heightened response against microbes causes donor cells to produce large quantities of IL-8, which may increase the antimicrobial activity of the transfused donor granulocytes [40] . Donor granulocyte-mediated increase in IL-8 production may also exacerbate the systemic inflammatory response with potential deleterious consequences.
The response to GTX might also be increased by augmenting the immune system of the recipients. Recombinant myeloid growth factors are routinely given to severely neutropenic patients, and treatment with recombinant Th1 cytokines has been studied as a means to increase granulocyte and mononuclear cell functions, and augment antifungal responses [41] . In an earlier study, we assessed the feasibility of giving recombinant IFN-γ1b to 20 patients receiving GTX for refractory invasive fungal disease and Pseudomonas sepsis; 70% also received GM-CSF [42] . It was encouraging to note that adverse events were grade III or less and resolved after cytokine treatment was discontinued. A complete/partial response or stabilization of progressive invasive fungal disease occurred in 60% of these severely immunosuppressed cancer patients [42] . In the current report, adjuvant G-CSF and IFN-γ were significantly more commonly used during GTX in patients who had clinical responses. Further randomized studies to assess the therapeutic role of recombinant adjuvant cytokines with GTX are needed.
In summary, in 74 severely immunosuppressed adult patients with mostly refractory hematologic malignancies who received GTX to treat severe infections, the rates of toxicity and infection-related deaths were low. Giving GTX prior to patients' becoming critically ill was associated with an improved outcome. Appropriate selection of candidates for this therapy is essential. Our results suggest that patients with the following factors are less likely to benefit from GTX: (a) those in whom neutropenia persists without myeloid recovery, although in our report this was not significant in multivariate analysis; (b) those in whom corticosteroids cannot be discontinued, and (c) those with serious comorbidities such as renal failure or liver dysfunction. It also seems advisable to defer starting GTX therapy in critically ill patients; granulocyte concentrates have the potential to exacerbate the systemic inflammatory response by stimulating the production of IL-8. The preliminary data favor giving adjuvant GM-CSF and IFN-γ to patients while they are receiving GTX. Future studies focusing on GTX in high-impact niche population(s) are needed.
